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1 INTRODUCTION 
The numerical modelling approach consists of using simple numerical models and conducting a 
parametric analysis of various input parameters. The parameters under consideration are miner-
alogy, grain size and grain size distribution and foliation, requiring mineral-specific constitutive 
models. FLAC (Itasca 2007a) was designed primarily to accommodate whole-rock approxima-
tions, with some built-in variability in the input parameters for introduction of heterogeneity. 
This methodology has been successfully applied in numerical modelling (not only in FLAC) for 
investigations of rock failure in simple (Diederichs 2003, DeBorst 2002, Fang & Harrison 2002, 
Tang & Kaiser 1998, Zhu & Tang 2004) and complex tests (Liu et al. 2002a, Liu et al. 2002b).  
Two-dimensional UCS and Brazilian tests were created in FLAC to investigate tensile frac-
ture processes by focussing on initiators and receivers of tensile fractures (Fig. 1). Whether a 
mineral acts as an initiator or receiver of tensile fractures will depend on its strength, stiffness 
and dilation parameters, its geometry and alignment with the induced stress field, and the physi-
cal and geometrical properties of the minerals adjacent to it. To undertake this type of investiga-
tion, mineral-specific input parameters instead of whole-rock analogues are required, similar to 
other published work (Li et al. 2003), requiring considerable constitutive model refinement to 
assign appropriate constitutive models and input parameters for minerals. Published mineral-
specific strength data, as well as parametric analysis and comparison to laboratory observations 
of fracture behaviour, were used to determine valid mineral-specific constitutive models. This 
model was created for crystalline rocks only, due to the difference in characteristics of grain 
boundaries found in sedimentary rocks. Ultramafic, volcanic and highly altered ore rocks are 
also not considered due to limited data in these rock types. 
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ABSTRACT: A numerical modelling approach was developed to explicitly simulate geome-
chanical characteristics of intact rock: mineralogy, grain size and fabric. The approach involved 
creating a representative constitutive model for each of three common rock-forming minerals: 
mica, quartz and feldspar. The constitutive models developed are valid within the low confine-
ment realm of excavation boundaries, where tensile fracture processes dominate. The mineral 
types were assigned to numerical elements, which were associated with each other through an 
algorithm created in a finite difference model, FLAC 2D (Itasca 2007a), to simulate real crystal 
geometries and orientations. The numerical models were used in a parametric investigation of 
the geomechanical characteristics and compared with published observations of the rock yield-
ing process in laboratory testing. This approach has allowed the explicit grain-scale investiga-
tion of the impact of geomechanical characteristics on rock yielding at low confinement, leading 
to an improved mechanistic understanding of excavation-scale rock yielding processes at exca-
vation boundaries. 
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Figure 1: Schematic of fracture initiation and receiver relationship between minerals. Left: indentation; 
right: shear strain initiation in mica acting as shear zone. 
2 INPUT VALUES FOR STRAIN SOFTENING CONSTITUTIVE MODEL 
2.1 Introduction 
Peak physical, elastic and laboratory strength properties for quartz, feldspar and mica are shown 
in Table 1. These published values were used as input values for peak portions of the FLAC 
strain-softening constitutive model in the UCS and Brazilian models. Although the strain-
softening constitutive model allows change in parameter values with plastic strain, the stiffness 
moduli are independent of plastic strain. The majority of the published values, such as elastic, 
shear and bulk modulus, density and Poisson’s ratio, can be used as-is in the constitutive model, 
but the cohesion, friction and tensile strengths are more difficult to directly relate between labo-
ratory test values and modelling values. Difficulties arise from the differences in scale at which 
laboratory testing is undertaken compared with the scale of individual mineral grains in rock, 
which are reproduced in the numerical model. The terms parallel and perpendicular are used ac-
cording to the direction in which the maximum principal stress will act on an individual mineral 
grain, as shown in Figure 2. Note that strength is weakest parallel to the basal planes, while 
stiffness is lowest perpendicular to the basal planes. 
 
 
Figure 2: Schematic demonstrating vocabulary used in describing anisotropic mica strength and stiffness 
parameters. Parallel describes the stress state at left, while perpendicular refers to the stress state at right. 
All strength and stiffness parameters are related to which one will be invoked in the parallel or perpen-
dicular stress state. 
2.2 Stiffness Moduli 
The stiffness moduli for minerals are listed in Table 1. The stiffness moduli for biotite were 
calculated using elastic constants for the crystal lattices, and demonstrate a large anisotropy due 
to the anisotropy along and against the basal planes. 
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Table 1: Average physical and elastic properties of three common rock-forming minerals. 
Mineral    Density  Young’s Shear   Bulk   Poiss. UCS        Tensile   Internal  Source 
 Mod     Mod    Mod   Ratio Strength        Friction 
 g/cm3 GPa     GPa      GPa  MPa MPa     Coeff. 
Quartz 2.72 - - - 0.2 329 34 - *Blair, 1955 
  2.8 58 23 - 0.29 - - - *Ramana, 1973 
  2.59 54 - - 0.17 - - - *Belikov, 1967 
  2.47 38 - - 0.21 - - - *Belikov, 1967 
  2.65 96 - - - - - - *Belikov, 1967 
  - 47 - - - 167 - - *Cochrane, 1964 
  - 44 - - - 172 - - *Cochrane, 1964 
  - 68 - - - - - - Carmichael, 1982 
  - - - 36 - - - - Birch, 1966 
  - 73 31 38 0.18 - - 0.25 Fukuhara et al.,1997 
  - - - - - 254 - - Lama & Vutukuri,1978 
Average 2.65 64 27 37 0.19 230 34 0.25  
 Feldspar 2.61 75 30 - 0.27 - - - *Belikov, 1967 
  2.57 71 - - - - - - *Belikov, 1967 
  2.7 89 35 - 0.28 - - - *Belikov, 1967 
  2.7 89 - - - - - - *Belikov, 1967 
  2.55 75 29 - 0.27 - - - *Belikov, 1967 
  2.61 77 30 - 0.29 - - - *Belikov, 1967 
  2.61 77 - - - - - - *Belikov, 1967 
  2.54 63 24 - 0.29 - - - *Belikov, 1967 
  - 96 - - - - - - Angel et al., 1988 
  - - - 47 - - - - Birch, 1966 
  - - - 52 - - - - Birch, 1966 
 - - - 49 - - - - Birch, 1966 
  - - - 57 - - - - Birch, 1966 
  - 91 - - 0.33 230 - - *Belikov, 1967 
 - - - - - 290 - - Lama & Vutukuri,1978 
Average1 2.61 80 30 51 0.29 260    
Mica 2.75 20 - - - 150 - - *Corns & Nesbitt 1967
  3.1 70 28 - 0.28 - - - *Belikov, 1967 
  - 53 6 - - - - - Birch, 1966 
  - 179 77 - - - - - Birch, 1966 
  2.79 80 32 - 0.25 - - - *Belikov, 1967 
  - - - 52. 0.26 - - - Birch, 1966 
 - 53 12 - - - - - Birch, 1966 
  - 147 68 - - - - - Birch, 1966 
  2.78 61 - - - 112 - - *Coates,Parsons1966 
  - 177 70 - - - - - Mcneil,Grimsditch,1993 
  - 61 15 - - - - - Mcneil,Grimsditch,1993 
Average 2.86 98 38 52 0.26 131.0  
-parallel  168 72 
-perpend.  56 11  
1 Not enough data for directionality wrt cleavage planes        * Summarised in Lama & Vutukuri (1978) 
 
Due to the extreme anisotropy, the stiffness moduli relationships between Young’s, Bulk and 
Shear modulus and Poisson’s ratio do not hold true for micas, and the shear modulus and bulk 
modulus must be calculated using the elastic constants in each crystal direction. The anisotropy 
in stiffness is only addressed by the Young’s modulus, which is not a parameter in FLAC, while 
both shear and bulk modulus are the same in either direction in 2-D. 
2.3 Friction Determination 
In modelling mineral failure the confinement dependent portion of strength provides strength to 
an element under stress, and is akin to the lattice friction, an intrinsic property of the mineral. 
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With large deformation and damage to the mineral surfaces, the microfracture surfaces are more 
akin to a gouge, and the friction coefficient is likely similar to the values determined by Morrow 
et al. (2000). For this reason, two coefficients are used to reflect this change in phase: the min-
eral surface coefficient of friction measured by Horn & Deere (1962) to simulate the lattice fric-
tion, and the friction coefficient of gouge to simulate damaged mineral friction (Fig. 3). 
Roughened mineral surfaces were found to have higher coefficients of friction than their pol-
ished counterparts (Horn & Deere 1962), suggesting that mineral-specific coefficients of friction 
may have an additional term to account for the interlocking of asperities due to microfracture 
scale roughness. In the case of rock, this term is normally called i and is the angle of inclined 
surfaces over which the fractures must slide during displacement, measured as the ratio of the 
amplitude to the wavelength of the fracture surface (Patton 1966).  
Intragranular microfractures are assumed to have the same friction coefficient to roughness 
coefficient, i, relationship as macrofractures in polycrystalline rock. Equation 1 is used to com-
bine both aspects of friction and is assumed to be valid at low strains, where failure through the 
asperities is not of concern. This assumption is not to be confused with relationships governing 
microfractures or macrofractures through polycrystalline rock. 
)tan( ibn += φστ  (1) 
where σn is the normal stress, φb is the basic friction angle and i is the angle of the saw-tooth 
fracture surface (Patton 1966). The mineral base friction is made up of the lattice friction and 
the microfracture surface roughness coefficients (Fig. 3): 
llb i+= φφ  (2) 
An analysis of the ratio between amplitude and length of the microfractures present in the quartz 
grains (Fig. 4a-c) of Stanstead granodiorite was conducted and shows that the il ranges from 1-
1.5o, giving a tan(if) 0.018 to 0.028. This is only slightly more than a 10% increase in the base 
friction coefficient value given in Table 2. Figure 4d-f shows the nature of intragranular mi-
crofractures in mica and feldspar, in Leventina gneiss, which tend to be parallel to, or perpen-
dicular to cleavage, which in all images in Figure 4d-f is parallel to the long axis of the mineral 
grain. The cleavage parallel microfractures are very smooth, giving an il of 0, while the cleavage 
perpendicular microfractures follow a more tortuous path (Fig. 4e-f), giving an il of approxi-
mately 25o and a tan(if) of 0.47. Where cleavage parallel and perpendicular microfractures in 
mica coalesce, they form a microfracture with large amplitude (Fig. 4a), giving an il of ap-
proximately 15o, and a tan(if) of 0.27. According to these measurements, the mineral base coef-
ficient of friction is lower than the gouge coefficient of friction for quartz and cleavage parallel 
microfractures in mica and feldspar, or higher than the gouge coefficient of friction for cleavage 
perpendicular microfractures in mica and feldspar. 
The obstruction to shear strain during mineral failure arising from tortuous intragranular mi-
crofractures suggests that the resultant ‘friction angle’ is much higher than il. This value would 
be very difficult to measure, but evidence supporting this hypothesis was found by Diederichs 
(1999), where an input grain-specific friction angle of 45o was necessary to obtain a whole-rock 
friction angle approaching 30o during biaxial testing in 2-D particle flow code (PFC, Itasca 
2007b) models. Based on these findings, a nearly instantaneous (at ε = 1x10-8) ‘friction angle’ 
gain of 45o is used in 2-D FLAC models. This simulates the instantaneous transition from a con-
tinuous array of mineral elements to the discontinuity caused by fracture generation, since 
FLAC does not create discrete fractures when an element (or grain) fails. The value of 45o was 
selected based on the need to obtain a considerable change in results between the delayed fric-
tion gain and instantaneous friction gain, although the true value is not currently known, and 
because of time considerations was not tested. The initial friction remains the same as that 
quoted in Table 2 to ensure that the element failure occurs at the appropriate stress level. The in-
stantaneous increased friction angle simulates the initial interlocking friction at steep disconti-
nuity asperity slopes. Although fractures generated along the cleavage mica plane have rare as-
perities and should not have instantaneous friction gain, in order to prevent numerical instability 
caused by intense strain localisation along ubiquitous joints, an instantaneous increased friction 
angle was also applied to the mica ubiquitous joints. 
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Figure 3: Schematic of plastic strain dependence of friction coefficients of mineral surface phase and 
mineral gouge phase, showing lattice, φl, and base, φb, coefficients of friction. 
 
 
 
Figure 4: Photmicrographs of intragranular quartz microfractures (a-c), and intergranular microfractures 
in mica (d, e) and feldspar (f) used to determine microfracture roughness, il. 
 
Table 2: Mineral-specific friction coefficients based on published and calculated values 
Mineral Individual Minerals Mineral Gouges 
 Lattice φl. Roughness il Base φb Instantaneous φΙ φG 
Quartz 0.12 0.012 0.132 1 0.65
Feldspar 0.12 0 – 0.47 0.12 – 0.59 1 0.8
Biotite 0.31 0 – 0.47 0.31 – 0.78 1 0.43 
 
Due to the anisotropy in the microfracture roughness coefficient, the cleavage (basal plane) 
parallel and perpendicular values for mica were associated with the corresponding strength and 
stiffness parameters according to Figure 2.  
2.4 Cohesion Determination 
Cohesion was determined using the relationship between UCS, cohesion and coefficient of fric-
tion, according to: 
φ
φ
cos2
)sin1( −= UCSc  (3) 
1.5 mm 
3 mm 3 mm 
0.5 mm 2 mm 
0.2 mmd e f
a b c
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Using the published values for UCS for minerals, as well as mono-mineralic rocks, in Table 1 
and the base friction coefficient values for each mineral, calculated from the values in Table 2 
using Equation 1, an estimate of peak cohesion was obtained. In a purely unconfined state the 
frictional component of strength would not be mobilized and cohesion would be estimated as 
half of the UCS strength, suggesting that using Equation 3 likely underestimates cohesion. Co-
hesion, however is a rock property as defined by the Mohr-Coulomb methodology, and inde-
pendent of confinement. The use of Equation 3 is, therefore, the most appropriate approach to 
estimating the basic mineral strength parameters. The peak cohesion is a combination of base 
mineral friction coefficient and peak mineral UCS strength, while the residual cohesion is a 
combination of the static gouge and residual axial strength.  
The cohesion for mica should be equally anisotropic as the tensile strength and stiffness 
moduli. The UCS values in Table 1 do not specify whether or not they are parallel or perpen-
dicular to the basal plane, but judging by the Young’s modulus values quoted along with the 
UCS values, they appear to have been tested parallel to the basal plane. Taking the same UCS to 
tensile strength ratio as for quartz and feldspar, all of which reflect failure through covalent 
bonds, the UCS perpendicular to the basal plane could be as high as 390 MPa. For the purposes 
of this research, this was used as the UCS strength estimate perpendicular to the basal plane, and 
perpendicular peak cohesion was calculated based on this value. 
2.5 Tensile Strength 
The tensile strengths for minerals are listed in Table 1. The stiffness of micas was shown in Sec-
tion 2.2 to be highly anisotropic, in particular in the directions parallel and perpendicular to the 
mineral basal planes. The same should hold true for tensile strength. In the absence of mica data, 
this is based on graphite data, another platy mineral with perfect cleavage, and a 1:10 ratio of 
parallel to perpendicular fracture toughness (Tromans & Meech 2004). The strong covalent 
bonding between mica tetrahedra and octahedra (McNeil & Grimsditch 1993) is similar to that 
between carbon atoms in graphite. If graphite can be used as an analogy for mica, then a similar 
ratio should also exist for mica, resulting in a max. perpendicular tensile strength of 39MPa. 
2.6 Dilation Parameter Determination 
Although brittle rock failure is highly dilatant (Diederichs 2003), the determination of the dila-
tion parameter for brittle rocks is difficult and anisotropic. Several rules of thumb exist for iso-
tropic dilation, including the associated flow rule (where the dilation parameter is equal to the 
coefficient of friction) in both tensile and shear failure (Itasca 2007a). They are all based on 
continuum models and are not directly applicable to brittle rock failure. Dilation can range from 
0 to the coefficient of friction according to continuum model methods and determining the exact 
value is still unclear. For the purposes of this research, a dilation angle of 15% of the initial fric-
tion angle is for tensile, uniaxial and biaxial failure. 
2.7 Grain Boundaries 
Grain boundaries are a special system within a mineral grain in that they can act as both crack 
initiators and crack arrestors. Their low stiffness (Diederichs 1999), due to lattice misalignment 
(Fig. 5) between similar mineral types or incompatible lattices between different mineral types, 
allows them to arrest intragranular cracks. When oriented oblique to maximum stress direction 
or parallel to maximum stress direction within the stress field, their lower cohesion and tensile 
strength; allows them to act as crack initiators. Grain boundaries have been found to contain 
large concentrations of microfractures in undeformed samples (Moore & Lockner 1995), con-
tributing to lower strength (Nasseri et al. 2005, Nasseri et al. 2002). The lower density (Tromans 
& Meech 2002) leads to lower strength and stiffness. For this reason, the grain boundaries in the 
FLAC model are given separate, but related, input parameters to reflect these property differ-
ences. These properties depend on the two mineral types adjacent to the boundary, and follow 
these rules of thumb: stiffness is half the stiffness of the softer mineral, cohesion and tensile 
strength are 85% of the average strength between the two minerals, and friction is whichever 
friction coefficient is lower. The strength-strain relationships follow the relationship in Eq. 4. 
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Figure 5: Schematic of lattice misalignment at grain boundaries. 
3 VERIFICATION OF CONSTITUTIVE MODEL 
3.1 Laboratory Testing Dataset 
A dataset of UCS, triaxial and Brazilian strength tests on samples from Stanstead granodiorite 
(courtesy: J. Archibald) was used as a baseline with which to verify the mineral-specific consti-
tutive models as well as the texture creation algorithm. This granodiorite is composed of 70% 
feldspar (potassium feldspar and plagioclase), 20% quartz, and 9% mica and 1% of other acces-
sory minerals. The grain sizes range from medium to coarse, 2-16mm, individual grains are 
rounded, to slightly elongated, although they do not define an anisotropic fabric. The mineral 
type, grain size and grain orientation distribution are isotropic (Fig. 6). 
3.2 Numerical Modelling Calibration Results 
The texture and mineral composition of the Stanstead granodiorite were created in the FLAC 
model (Fig. 7) and used in both the UCS and Brazilian test models, using the texture algorithm 
described in Villeneuve et al. (2009). A series of numerical uniaxial and biaxial tests, as well as 
Brazilian tests were conducted and compared to the averaged laboratory test data. 
3.2.1 Brazilian Tensile Testing 
The Brazilian tensile strength of Stanstead granodiorite was found to be 6.5MPa (courtesy J. 
Archibald). This value is low with respect to the UCS strength and the rock type. Examination 
of thin sections showed that 70% of the quartz grains contain intragranular and transgranular 
microfractures extending only within adjacent quartz grains, as shown in Figure 4. This was 
also observed by Nasseri et al. (2002) in granitoids and led to decreased fracture toughness val-
ues since pre-existing microcracks can be used to link new induced microcracks and eventually 
lead to rupture (Moore & Lockner 1995). Results from numerical Brazilian tensile testing using 
high end tensile strength values from Table 1 give a Brazilian tensile strength of 16 MPa. By 
decreasing the input tensile strength for quartz to 2 MPa the Brazilian tensile strength of the 
modelled granodiorite is approximately 8.5-9.2 MPa, while 15% dilation increases this strength 
to approximately 9.3-11.3 MPa, which is slightly higher than the physical test strength and 
within three standard deviations of the dataset. 
A comparison of the input tensile strength values required to obtain a fit to the Brazilian ten-
sile strength of the Stanstead granodiorite reveals:  
1. The input tensile strength is much higher than either the Brazilian tensile strength or the ten-
sile failure stress at which the elements fail. This suggests that Brazilian tensile strength 
cannot be directly estimated based on the mineral-specific input tensile strengths, as the es-
timates would be unrepresentatively high. 
2. Damage to even a small percentage of the minerals (70% of quartz, which comprise only 
20% of the composite) can greatly lower the Brazilian tensile strength, demonstrating that 
pre-existing damage, either due to sampling or tectonic history, causing intragranular mi-
crofractures at the grain scale is important for Brazilian tensile strength and should be taken 
into account when characterising rock. 
In addition to the input tensile strength, the heterogeneity in stiffness moduli arising from the 
different minerals and their grain boundaries is critical to obtaining a fit to the Brazilian tensile 
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strength of the Stanstead granodiorite, as seen in laboratory testing of Westerly granite (Tappo-
nier & Brace 1976, Wong 1982). Tests run with homogeneous stiffness moduli resulted in Bra-
zilian tensile strengths of 44 MPa and 60 MPa for low and average input tensile strengths, re-
spectively. These values are clearly too high, and no amount of lowering the quartz tensile 
strength and cohesion could reduce the Brazilian tensile strength to fit with the Brazilian tensile 
strength of Stanstead granodiorite. In addition to the strength difference, the yielding behaviour 
is also different. If homogeneous stiffness moduli are used, the failure is distributed throughout 
the sample, while with heterogenous stiffness moduli, the failure is constrained within discrete 
yielding planes, interpreted as macrofractures (Fig. 8). 
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Figure 6: Photo and photomicrograph of Stanstead granodiorite showing isotropic nature of the material. 
Q=quartz, P=feldspar, predominantly plagioclase, M=mica, predominantly biotite. 
 
 
2.5 cm
2.5 cm 
 
Figure 7: Images of modelled Stanstead granodiorite in FLAC. Colours relate to mineral type as follows: 
turquoise = feldspar, green = quartz, red = mica, yellow = grain boundaries. 
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Figure 8: Locations of element failure leading up to composite sample failure for samples with homoge-
neous (left) and heterogeneous (right) stiffness moduli; all other input parameters are identical. 
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3.2.2 UCS and Biaxial Testing 
The goal of the UCS and biaxial model testing was to duplicate the UCS and triaxial values ob-
tained from laboratory testing of the Stanstead granodiorite (courtesy J. Archibald). Based on 
the laboratory triaxial data, linear curve fitting of the Mohr circles joining σ3 – σ1 data the cohe-
sion and friction angle were estimated for two instantaneous confining stress values: 5 MPa and 
10 MPa. The fit lines give friction angles, φ, of 64o and 62.5 o, and friction coefficients of 2.05 
and 1.92, respectively. These are higher than the highest coefficient of friction of any of the in-
dividual minerals and mineral gouges. The shear stress intercepts gave cohesion values of 28 
MPa and 41 MPa, respectively. These values are excessively high (for friction) and low (for co-
hesion) due to the limited range of data points restricted to low confinement σ3<0.1σ1. 
 
 
Figure 9: Mohr-Coulomb graph of biaxial test s1 and s3 data for modelled Stanstead granodiorite with 
delayed friction (dashed lines) and with instantaneous 45o friction (solid line) with Mohr circles and es-
timated Mohr-Coulomb parameter fits. 
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Figure 10: Peak strength envelopes for Stanstead lab test data (courtesy of J. Archibald), Stanstead model 
data with 15% dilation and Stanstead model data with 15% dilation and instantaneous friction increase. 
 
The biaxial tests were modelled using average strength parameters, low tensile strength and 
instantaneous friction gain to 45o. The resulting biaxial strengths are plotted in Fig. 9 and show 
that the composite rock friction angle is 33.5o and the coefficient of friction is 0.66, with a cohe-
sion value of 47.5 MPa. The upper envelope (applicable at higher confinement) is analogous to 
the lab values with instantaneous, while the lower envelope (applicable at low confinement) is 
analogous to the model values with delayed friction gain. The constitutive model used for UCS 
and Brazilian tensile modelling follows Figure 10, and generates the most realistic results. 
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“Long-term strength of lab samples”
Applicable range of 
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3.3 Summary of Fracture Behaviour 
The mineral-specific behaviour described in the literature (Li et al. 2003, Li 2001, Tapponier & 
Brace 1976, Wong 1982) was also observed in the 2-D FLAC UCS and Brazilian models. The 
micas, being soft in shear (Fig. 11a, centre right), induce failure in the surrounding stiffer, 
stronger, feldspar (Fig. 11a, centre left), as discussed in Li (2001). A tensile fracture propagat-
ing (but ultimately abandoned) through feldspar (Fig. 11a, lower right, circled in white) can be 
halted at the softer and weaker grain boundary (Fig. 11a, lower left, red circle), as shown by 
Martin (1994) and Li (2001). A tensile fracture propagating through feldspar (Fig. 11b, right 
showing strain due to tensile fracturing) can be offset by a more compliant mica grain (Fig. 11b, 
left showing deviation of fracture), which does not propagate the fractures well at a large angle 
to the cleavage, as in Tapponnier & Brace (1976) and Li (2001). A macrofracture will eventu-
ally develop in uniaxial loading, and the fracture path will include all mineral types (Fig. 11c). 
 
 
 
 
Figure 11: FLAC output of failed modelled Stanstead Granodiorite showing: a) induced failure around 
biotite (left) and the shear strain intensity of the corresponding region (right; yellow-green is higher 
strain); Red (left) and white (right) circles highlighting tensile fracture propagating through feldspar; b) 
induced tensile failure through feldspar, then moving around biotite (left) and the shear strain intensity of 
the corresponding region (right);  
 
Tensile failure in a Brazilian test in FLAC is less dependent on fracture accumulation and 
coalescence than the UCS failure, since the tensile stress is generated at the centre of the sample 
and leads to tensile failure in the material of least resistance within the zone of tensile stress. 
Figure 11d shows the centre of a failed Brazilian model in which the failure began in a mica 
grain, and propagated up and down to form a nearly linear fracture surface. In this case, very lit-
tle deviation by other minerals occurs, and the fracture propagates nearly unhindered. This is 
similar to the failure surfaces observed in laboratory Brazilian and point load tests. 
 
a 
b 
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Figure 11 (Continued): c) induced macro fracture through feldspar, quartz and biotite (left) and the shear 
strain intensity of the corresponding region (right); d) induced tensile fracture through feldspar, quartz 
and biotite (left) and the shear strain intensity of the corresponding region (right). 
4 CONCLUSIONS 
4.1 Discussion of Modelled versus Physical Results 
The UCS and biaxial values are lower in the modelled tests than in the physical tests, in part due 
to the limitations of simulating a three-dimensional test in 2-D. The hoop stresses that develop 
in physical UCS models (Diederichs 2003, Diederichs et al. 2004) and likely contribute to 
higher UCS strength are not developed in the 2-D models. The Brazilian tensile strengths are 
higher in the modelled tests than in the physical tests, partly due to the continuum nature of the 
model in which actual breaks in the rock are not developed, in contrast to the physical models in 
which tensile fractures tear the sample apart with considerable speed and energy, likely contrib-
uting to decreased physical strength values. The cohesion values are higher than the physical lab 
test results with correspondingly lower coefficients of friction, even at low confinement 
σ3<0.1σ1, suggesting that the model is not capable of simulating the confinement dependent 
fracture process. In general, the best fits to UCS, biaxial and Brazilian tensile data require high 
tensile strength of intact minerals, and low tensile strength and stiffness of fractured minerals. 
The fits are not perfect, and more work is required to ensure that the models can fit all three 
tests, particularly the triaxial test at high confining stress.  
d 
c 
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Improvements to modelled UCS strength could be accomplished by better determining the 
friction angle and cohesion, and as well as varying the strain rate at which residual friction is 
mobilised. In particular, increasing the friction angle nearly instantaneously (strain of 1x10-8) 
increased the calculated rock friction angle by about 5% with respect to the physical laboratory 
results from triaxial testing. Further improvements with respect to friction, either in terms of in-
put parameters, mobilisation rate or further explicit mobilisation of macro friction to obtain 
model biaxial results that are comparable to laboratory triaxial results could be undertaken.  
This analysis shows that the constitutive model cannot capture the shearing of minerals that 
occurs during triaxial failure at high confining stress. A similar phenomenon was observed by 
Diederichs (1999) in which the peak strength envelope slopes for models of polycrystalline 
rocks data were much lower than for laboratory test values. The slopes for data points from the 
crack interaction stress (determined directly in the models) and the axial stress-strain graph non-
linearity point were found to have similar slopes in both model and laboratory test data of gran-
ite (Diederichs, 1999). It was also found that the peak strength envelopes for laboratory samples 
loaded very slowly resulted in a much lower slope, approximately 3.8, compared to quickly 
loaded samples, whose peak strength envelope slope was approximately 7.5.  
This suggests that peak values in the biaxial numerical model tests may actually be more rep-
resentative of the crack initiation threshold, rather than true laboratory peak strength. This phe-
nomenon is particularly important for biaxial model test results since the impact of confining 
 
 
Figure 12: Schematic of strength property (cohesion or friction coefficient, m) and resulting axial 
strength as it changes with strain, where εE and εP are accumulated elastic and plastic strain, respectively. 
Peak strength parameters are used until the element fails and begins to accumulate plastic strain, at which 
friction increases instantaneously, followed by two levels of intermediate strength parameters (a,b), as a 
function of increasing plastic strain, until the residual strength parameters are reached. 
 
stress is not correctly modelled, as demonstrated by the lower slope angles of modelled test re-
sults. With respect to UCS testing, however, the confining stress is not an issue as the test is un-
dertaken in the unconfined zone of Figure 12, and the behaviour of the model test can be taken 
as an analogue to the laboratory test. Issues arising from 2-dimensional versus 3-dimensional 
samples for UCS testing are independent of this phenomenon. 
4.2 Summary of Selected Input Parameters  
Cohesion loss is a small-strain process, while confinement dependent strength arising from fric-
tion requires larger strain (Diederichs, 1999). Using this rationale, the cohesion is lost before the 
mineral has changed to gouge phase (Intermediate a in Fig. 12), and drops to a residual value 
1/20 of the peak value. The cohesion loss as a function of strain for input into the FLAC strain 
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softening constitutive model is determined by estimating the plastic strain at which residual co-
hesion is reached, using the following relationship for model stability: 
módulusshear
cohesionpeak
residualP =_ε  (4) 
The strain rate used for modelling, is therefore different for each mineral, as well as for maxi-
mum and minimum values for the same mineral. Equation 4 defines the relationship between the 
cohesive strength of the material and the shear stiffness, and expresses the resistance to shearing 
through an intact mineral lattice in terms of bond strength and bond stiffness. This ratio gives an 
estimate of the strain required to overcome the shearing resistance. The tensile strength to strain 
relationship is not so easily determined, but for numerical stability and simplicity, it is associ-
ated with the cohesion loss strain rate. The strain level at which mono-mineralic gouge is ex-
pected to develop is 10x the strain at which cohesion is lost. 
The ranges of values summarised in Table 3 represent the following: 
− Cohesion: peak and residual following the values outlined in Section 2.4 and Figure 12. 
− Tensile strength: The high-end values result in the best fit for Brazilian and UCS tests cali-
brated to the Stanstead granodiorite, with instantaneous drop as shown in Figure 12. 
− Mineral friction coefficients: base friction coefficient relates to friction of polished mineral 
surfaces and asperities, as calculated in Section 2.3. 
− ‘Instantaneous’ friction gain to 45o at ε = 1x10-8 in all mineral matrix constitutive models, as 
shown in Figure 12. 
− ‘Instantaneous’ friction gain to 26o at ε = 1x10-8 in mica ubiquitous joint constitutive models 
to maintain numerical stability. 
− Gouge: monomineralic gouge friction coefficients, as shown in Figure 12. 
− Elastic Moduli: low and high are second standard deviation of the normal distribution for 
quartz and feldspar. 
 
Table 3: Summary of selected FLAC input strength parameters for rock modelling 
 Cohesion.            σt    Friction                     Poisson Elastic Moduli (GPa)   Strain ε10-3 
 (MPa)            (MPa)   Coefficients              Ratio   
Mineral Peak Resid.     Base         Gouge          Young’s   Shear     Bulk       Cohesion 
           Loss 
Quartz 109 5 34 0.132 0.65  0.19 47-75 19-31 28-44 3.5 – 5.7 
Feldspar 80 – 125 4 – 6 36 0.12 –0 .6 0.8  0.28 72-86 28-33 55-65 4.4 – 2.4 
Biotite || 48 2 4.5 0.31  0.43  0.18 179 5.8 169 8.3 
Biotite ⊥  95 5 39 0.78 0.43  0.053 53 5.8 169 16 
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